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Background and purpose: Three-dimensional time-of-flight (3D TOF) magnetic resonance angiography (MRA) is
generally considered to overestimate the degree of stenosis in the internal carotid artery (ICA) in comparison with the
reference standard intraarterial digital subtraction angiography (DSA). We evaluated whether the degree of stenosis was
more accurately assessed with 3D TOF MRA if corresponding projections on MRA and DSA were compared instead of
comparison of maximal stenosis at MRA with maximal stenosis at DSA.
Methods: From February 1997 to December 1999, we included 186 symptomatic and 17 asymptomatic consecutive
patients suspected of having carotid artery stenosis on the basis of clinical presentation and screening with duplex
ultrasound scan examination. All patients subsequently underwent DSA and MRA imaging. From each ICA, 12
maximum intensity projections with 3D TOF MRA and two or three projections with DSA were obtained. First, we
compared the maximal stenosis at MRA with the maximal stenosis at DSA. Subsequently, we used the stenosis at MRA
measured on the projection corresponding with the DSA projection that showed the maximal stenosis. For both
strategies, the mean differences in stenosis and sensitivity and specificity for assessment of severe stenosis (70% to 99%)
were calculated and compared.
Results: The MRA and DSA images of 354 ICAs could be compared. The sensitivity and specificity of MRA with the
projection that showed the maximal stenosis were 92.6% (95% CI, 85.3% to 97.0%) and 82.7% (95% CI, 78.1% to 87.3%),
respectively. The sensitivity and specificity with the MRA projection, corresponding with the DSA projection showing the
maximal stenosis, were 88.3% (95% CI, 81.8% to 94.8%) and 89.6% (95% CI, 85.9% to 93.3%), respectively. The mean
difference between maximal stenosis at MRA and DSA was 7.5% (95% CI, 5.2% to 9.9%). The mean difference between
stenosis at MRA and DSA in corresponding projections was 0.4% (95% CI, 2.0% to 2.7%).
Conclusion: If corresponding MRA and intraarterial DSA projections are compared, 3D TOF MRA does not overestimate
carotid stenosis. (J Vasc Surg 2002;36:806-13.)
Two randomized trials, the North American Symptom-
atic Carotid Endarterectomy Trial (NASCET) and the
European Carotid Surgery Trial, both established that ca-
rotid endarterectomy is beneficial to patients with transient
or nondisabling ischemic symptoms associated with severe
internal carotid artery (ICA) stenosis (70% to 99%).1,2 In
these trials, the degree of stenosis was assessed with intraar-
terial digital subtraction angiography (DSA), which there-
fore has become the standard of reference. DSA is usually
performed in two or three projections (lateral, posteroan-
terior, or oblique). The projection that shows the maximal
stenosis is used to assess the degree of stenosis. However,
several studies have shown that the residual stenotic lumen
is almost never circular and that DSA performed in a limited
number of projections does not always reveal the narrowest
residual lumen.3-7 Therefore, standard DSA does not al-
ways show the maximal stenosis.
Because DSA has a relatively high complication rate,
noninvasive techniques, such as three-dimensional time-of-
flight (3D TOF) magnetic resonance angiography (MRA),
have been suggested to replace DSA.8-10 However, studies
that compared 3D TOF MRA with DSA have reported that
MRA tends to overestimate the degree of stenosis.6,7,11-15
Flow velocity gradients, acceleration, and complex flow
patterns, which cause intravoxel dephasing and lead to local
signal loss, and the used maximum intensity projection
(MIP) algorithm, have been suggested to explain this over-
estimation.13,16,17 We assumed that the greater number of
projection images that are obtained with MRA could also
attribute to the overestimation of stenosis at MRA when
compared with DSA.
In this study, we compared 3D TOF MRA with stan-
dard DSA. At first, we compared maximal stenosis at MRA
in 12 MIP projections with maximal stenosis at DSA in two
or three projections. Subsequently, we compared stenosis
at the MRA projection, corresponding with the DSA pro-
jection that showed maximal stenosis, with DSA. In addi-
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tion, we compared the results. Furthermore, we studied the
effect on the different stenosis categories.
METHODS
From February 1997 to December 1999, we included
186 consecutive patients with symptoms of carotid disease
(transient ischemic attack, stroke, or amaurosis fugax) in
the past 6 months suspected of having carotid artery steno-
sis at duplex ultrasonography examination. An additional
17 asymptomatic patients were included who had nonspe-
cific symptoms, contralateral ICA occlusion, or symptoms
more than 6 months ago. The patients included 160 men
and 43 women. The mean age was 65 years (standard
deviation, 9; range, 40 to 86 years).
Patients were included if they were suspected of having
carotid artery stenosis at duplex ultrasound scan examina-
tion and were scheduled to have DSA because carotid
endarterectomy was considered. After written informed
consent was obtained, all patients subsequently underwent
MRA examination. MRA was usually performed within 1
week, and always within 1 month, of the DSA. The study
was approved by the hospital ethics committee.
DSA was performed with a Philips Integris V3000
angiographic unit (Philips Medical Systems, Best, The
Netherlands), with selective positioning of an intraarterial
catheter in both common carotid arteries with the
Seldinger technique. Two or three projections (lateral,
posteroanterior, or ipsilateral oblique) were acquired from
each carotid bifurcation.
MRA was performed on a 1.5T MR imaging system
(Gyroscan ACS-NT, Philips Medical Systems) with the 3D
TOF technique. Postprocessing subvolumes were gener-
ated to isolate each carotid artery and to create 12 MIP
images that were radially projected at 15-degree increments
(rotation about the long axis of the body).
DSA and MRA examinations were evaluated by two
senior radiologists on different occasions, with at least a
1-week interval. The observer was blinded for the other test
results and patient data. ICA stenosis on both DSA and
MRA was measured on printed hard copies according to
the NASCET method (stenosis  [1  minimal residual
lumen/distal ICA lumen diameter] 100%).1 At DSA, the
percentage ICA stenosis was measured on all available
projections that showed the ICA without overlapping ves-
sels. The maximal stenosis was selected, and its projection
was noted. From the 12 MIP images on MRA, the percent-
age ICA stenosis was assessed on three projections, coin-
ciding with the vast majority of the DSA projections used
(lateral, posteroanterior, and 45-degree ipsilateral
oblique). If another projection clearly revealed a more
severe stenosis, the percentage stenosis was also assessed on
this projection. If an occlusion was suspected at 3D TOF
MIP images, two-dimensional TOF images were subse-
quently evaluated because that technique was more sensi-
tive to slow flow. If flow was not detectable in the expected
course of the distal ICA, the vessel was regarded as oc-
cluded. If flow was detected, the vessel was considered to be
patent and subtotally stenosed. MRA images of ICAs that
showed a flow void artifact were considered as severely
stenosed (70% to 99%).18 Interobserver variability was as-
sessed with calculating  statistics for the MRA and DSA
measurements. For calculations of the mean differences in
ICA stenosis, these vessels, vessels that showed a subtotal
stenosis or occlusion, and normal nonstenosed vessels were
excluded from analysis because the exact percentage steno-
sis according to the NASCET method in these vessels could
not be assessed.
The maximal stenosis at DSA was compared with the
maximal stenosis that was initially assessed at MRA evalua-
tion. Subsequently, the maximal stenosis at DSA was com-
pared with the stenosis at MRA in a corresponding projec-
tion. The degree of stenosis was categorized as 0 to 29%,
30% to 49%, 50% to 69%, 70% to 99%, or occlusion.
Sensitivity and specificity with 95% CIs were calculated for
assessment of severe ICA stenosis (70% to 99%) at MRA (ie,
selection of patients for carotid endarterectomy), with DSA
as the reference standard. The McNemar test was used to
compare the test characteristics of MRA for selection of
patients with a 70% to 99% ICA stenosis, in case maximal
stenosis at MRA was used, with the test characteristics of
MRA, in case the stenosis at MRA was obtained on a
projection corresponding with the DSA projection that
showed maximal stenosis. The mean differences in ICA
stenosis between maximal stenosis at MRA and maximal
stenosis at DSA and between stenosis at MRA, with the
projection corresponding with the DSA projection show-
ing maximal stenosis, and maximal stenosis at DSA were
calculated with 95% CI. This analysis was performed for the
total group of arteries and for the arteries divided into
subgroups according to the different stenosis categories.
RESULTS
Of the 203 included patients, three angiograms could
not be retrieved and 13 MRA examinations were not
performed because of claustrophobia (n 8) or lack of MR
imaging availability (n  5). One patient refused further
cooperation after inclusion in the study. Of the remaining
372 carotid arteries of 186 patients, five ICAs could not be
assessed at DSA because of too many overlapping vessels
(n  3) or complications during the procedure (n  2).
Thirteen ICAs could not be assessed at MRA because of
movement of the patient during the test.
For the remaining 354 ICAs (Tables I and II), sensitiv-
ity and specificity of MRA for assessment of an ICA stenosis
of 70% or more with maximal stenosis at MRA were 92.6%
(95% CI, 85.3% to 97.0%) and 82.7% (95% CI, 78.1% to
87.3%), respectively. Sensitivity and specificity of MRA for
assessment of an ICA stenosis of 70% or more with the
MRA projection, corresponding with the DSA projection
that showed the maximal stenosis, were 88.3% (95% CI,
81.8% to 94.8%) and 89.6% (95% CI, 85.9% to 93.3%),
respectively. Interobserver variability for DSA and MRA
was very good and similar for both tests (, 0.81; 95% CI,
0.71 to 0.90, for DSA; and , 0.80; 95% CI, 0.70 to 0.89,
for MRA). Test characteristics of MRA for selection of
patients with severe ICA stenosis (70% to 99%) differed
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significantly (P  .01) when MRA projections were used
that corresponded with DSA projections that showed max-
imal stenosis instead of use of the maximal stenosis at MRA.
Of the 354 ICAs for which MRA and DSA could be
compared, 35 were normal, 59 showed a signal void at
MRA, six showed a subtotal stenosis, and 77 were occluded
at either DSA or MRA. For the remaining 177 ICAs, the
mean difference in ICA stenosis between maximal stenosis
at MRA and maximal stenosis at DSA was 7.5% (95% CI,
5.2% to 9.9%; Table III). The mean difference between
stenosis at MRA, with the projection corresponding with
the DSA projection that showed maximal stenosis, and
maximal stenosis at DSA was 0.4% (95% CI, 2.0% to
2.7%). In addition, the difference between the two calcu-
lated mean differences was 7.2% (95% CI, 5.6% to 8.7%).
The results for the different subgroups of stenosis are listed
in Table III. In all subgroups, the mean difference of MRA
was lower if the corresponding projections with DSA were
used. The effect of overestimation, however, was mostly
apparent in the milder stenosis categories. In the group of
arteries (n 59) that were excluded because they showed a
flow void, seven arteries represented a 70% stenosis, 51
arteries represented a 70% to 99% stenosis, and one artery
represented an occlusion according to DSA.
Figs 1 and 2 show the results of measurements of
maximal ICA stenosis at MRA versus maximal stenosis at
DSA and the results of measurements of stenosis at MRA,
with the projection corresponding with the DSA projection
that showed maximal stenosis. In Fig 1, a substantial num-
ber of measurements are above the line of equality, indicat-
ing MRA overestimated the stenosis as compared with
DSA. Fig 2, however, shows that measurements of ICA
stenosis at MRA and DSA in a corresponding projection are
more similar. Figs 3 and 4 show how MRA images in other
projections than in the two or three projections obtained at
DSA may reveal a more severe ICA stenosis.
DISCUSSION
The 3D TOF MRA overestimated carotid stenosis
when the most severe stenosis at MRA from the 12 MIP
images available was used and compared with the most
severe stenosis at intraarterial DSA, performed in two or
three projections. This finding was consistent with results
of other studies.6,7,11-15
In a previous study, we compared lumen reduction
measurements obtained with rotational angiography,
which allows visualization of the carotid bifurcation in
many projections, with measurements at conventional DSA
in the standard two or three projections.19 Images provided
with rotational angiography and DSA in corresponding
projections showed similar degrees of stenosis. However,
with additional projections, rotational angiography would
have identified 16% extra carotid arteries with a severe ICA
stenosis (70% to 99%) compared with conventional DSA.
Because 3D MRA usually provides 12 or more projections,
this phenomenon may also explain (part of) the overesti-
mation of this technique.
We performed a pilot study that compared the most
severe ICA stenosis at 12 projections on 3D TOF MRA
with the most severe stenosis at DSA in the standard two or
three projections (lateral, posteroanterior, or oblique). In
addition, we compared MRA with the most severe stenosis
at rotational angiography, providing 16 or 32 circular
projections.20 In our small study population, including 32
carotid arteries, 3D TOF MRA overestimated the degree of
maximal stenosis significantly by approximately 8% if com-
pared with DSA performed in two or three projections,
whereas this difference was reduced to about 1% if MRA
were compared with rotational angiography.
In this study, we compared 3D TOF MRA with stan-
dard DSA and studied the effect on the different stenosis
categories. MRA overestimated ICA stenosis with one cat-
egory or more in 22% and underestimated stenosis in 5% of
the arteries. In addition, the mean difference in stenosis
(7.5%) was statistically significant. However, use of MRA
projections that corresponded with DSA projections did
not systematically overestimate ICA stenosis. With this
approach, MRA overestimated ICA stenosis in only 14%
and underestimated ICA stenosis in 9% of the cases, and no
significant mean difference in percentage stenosis between
MRA and DSA was found. This indicates that correspond-
ing projections should be used for the most accurate com-
parison of a new imaging technique with the reference
standard DSA, which results from the fact that residual
stenotic lumen is almost never circular. We realize, how-
ever, that 3D TOF MRA in our study still misclassified 23%
of the carotid stenoses. Forty-two percent of these incor-
Table I. Categorized lumen reduction measurements of
maximum ICA stenosis at MRA in 12 MIP projections
versus those at DSA in two or three projections
MRA
DSA
0%–29% 30%–49% 50%–69% 70%–99% 100% Total
0–29% 66 8 1 75
30%–49% 13 10 3 26
50%–69% 3 15 23 4 45
70%–99% 1 5 38 87 1 132
100% 3 73 76
Total 83 38 65 94 74 354
Table II. Categorized lumen reduction measurements of
ICA stenosis at MRA, with projection corresponding with
DSA projection showing maximum stenosis, versus those
at DSA
MRA
DSA
0%–29% 30%–49% 50%–69% 70%–99% 100% Total
0–29% 74 11 2 87
30%–49% 9 12 11 1 33
50%–69% 12 29 7 48
70%–99% 3 23 83 1 110
100% 3 73 76
Total 83 38 65 94 74 354
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rectly classified stenoses had clinical relevance (ie, would
result in a different decision with view on carotid endarter-
ectomy). In the categories with milder degree of stenosis, a
reasonable amount of over and underestimation (ie, mis-
classification as compared with the reference test) was seen.
Other factors than use of different projections of the vessel
must account for this effect. First, it is important to realize
that in a diagnostic study a new test by definition never
exactly agrees with the reference test and that a certain
variation in the observed test results will always occur.21
Second, the stenosis can be missclassified because measure-
ments on MIP images of MRA can be complicated by signal
loss from intravoxel dephasing in the stenotic area. Signal
loss might depend on the MRA technique used (3D TOF is
less susceptible to flow-related artifacts than two-dimen-
sional TOF because of the smaller voxel size), gradient
moments and echo times of the imaging protocol, and the
complexity of the blood flow in and beyond the stenosis.16
Complexity of blood flow depends on the velocity proximal
to the stenosis, on the severity of stenosis, and on the
configuration of the stenosis (ie, ulceration and irregular
plaque cause irregular flow patterns and, hence, signal
loss).22 Therefore, whether or to what extent intrastenotic
signal loss affects lumen reduction measurements will vary
for each specific carotid stenosis.
In Table III, the mean differences in stenosis measure-
ments between MRA, for both described methods, and
DSA are lined out for the different categories of stenosis.
Necessarily, flow voids were excluded from this part of the
analysis because MRA does not provide a NASCET mea-
surement to compare with DSA. However, most flow voids
(51/59) did represent a severe stenosis (70% to 99%)
according to DSA. Therefore, flow voids do not contribute
Table III. Mean differences in ICA stenosis between maximum stenosis at MRA and maximum stenosis at DSA (A),
between stenosis at MRA, with projection corresponding with DSA projection showing maximum stenosis, and
maximum stenosis at DSA (B) and between two calculated mean differences (A–B)
Category of
stenosis
according to
DSA
A: Mean difference of
maximum stenosis MRA
(12 projections) and
DSA (95% CI)
B: Mean difference of
corresponding projections
MRA and DSA (95%
CI) Difference (A–B; 95% CI)
No. of
carotids*
0-29% 14.8% (10.0% to19.3%) 6.1% (2.2% to 10.1%) 8.7% (5.0% to 12.3%) 47
30%–49% 7.1% (0.6% to 13.7%) 0.8% (–7.7% to 6.1%) 7.9% (4.0% to 11.9%) 37
50%–69% 7.8% (4.2% to 11.3%) 0.0% (–4.1% to 4.0%) 7.8% (5.2% to 10.5%) 59
70%–99% 2.5% (–5.6% to 0.6%) 5.6% (–9.2% to –2.0%) 3.1% (1.2% to 5.0%) 34
Total group 7.5% (5.2% to 9.9%) 0.4% (–2.0% to 2.7%) 7.2% (5.6% to 8.7%) 177
*n  177. Normal or occluded arteries on both MRA and DSA imaging and flow voids on MRA imaging were excluded from analysis.
Fig 1. Scatter plots show measurements of maximal ICA stenosis
obtained at MRA versus maximal stenosis obtained at DSA. Nor-
mal vessels and carotid arteries that show signal void, subtotal
stenosis, or occlusion are excluded. Substantial number of mea-
surements are above line of equality, indicating that measurement
of maximal stenosis at MRA results in more severe estimates of ICA
stenoses than measurement of maximal stenosis at DSA.
Fig 2. Scatter plots show measurements of ICA stenosis obtained
at MRA, with projection corresponding with DSA projection
showing maximal stenosis, versus maximal stenosis obtained at
DSA. Normal vessels and carotid arteries that show signal void,
subtotal stenosis, or occlusion are excluded. Compared with Fig 1,
more measurements are at or around line of equality, indicating
that measurements of ICA stenosis at MRA and DSA in corre-
sponding projection showed more agreement.
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to the effect of overestimation. In all subgroups, the mean
difference was lower if the corresponding projections at
DSA were used. Remarkably, in the 70% to 99% group, the
mean difference of MRA with DSA was negative also if the
maximal stensosis of 12 projections was assessed. However,
this subgroup was relatively small and the CIs of the mean
differences of the two methods overlapped, so the differ-
ences were therefore not significant. Nevertheless, a possi-
ble explanation might be that the residual lumen of the
stenosis in this subgroup was very small in absolute sense.
With stenosis measurement according to NASCET, the
diameter of the residual lumen is divided by the diameter of
the normal lumen distal to the stenosis. Therefore, a possi-
ble effect of overestimation decreases as the percentage of
stenosis increases.
NASCET recently concluded that patients with a symp-
tomatic carotid stenosis of 70% or more benefit substan-
tially from carotid endarterectomy for at least 5 years.1 The
beneficial effect of carotid endarterectomy is far less and
only marginally significant for patients with a 50% to 69%
stenosis. In fact, only men, patients with recent stroke, and
patients with hemispheric symptoms really benefit, pro-
vided that the risk of stroke or death from the operation
does not exceed 2%. Because of the apparent beneficial
effect for all symptomatic patients with a 70% or more
carotid stenosis, we chose a threshold of 70% for selection
Fig 3. From (A) posteroanterior, (B) 45-degree ipsilateral oblique, and (C) lateral DSA projections of carotid
bifurcation, posteroanterior projection reveals maximal ICA stenosis (moderate 50% to 69% stenosis; arrow in A).
Corresponding three MRA MIP images (D, E, and F) show same configuration of ICA as DSA. Additional MRA MIP
image (G), however, depicts ICA as 70% to 99% stenosis (arrow).
JOURNAL OF VASCULAR SURGERY
October 2002810 Nederkoorn et al
of patients eligible for carotid endarterectomy. With this
threshold, sensitivity and specificity of 3D TOF MRA were
about 90%. If we had chosen a threshold of 50%, sensitivity
and specificity of 3D TOF MRA would have been better,
although one has to take into account that the initial duplex
scan screening may have affected these data. Sensitivity and
specificity would have been 95.6% and 87.7%, respectively,
if maximal stenosis at MRA wer compared with maximal
Fig 4. DSA projections (A, posteroanterior; and B, 45-degree ipsilateral oblique) reveal moderately stenosed ICA
(arrow in B), which was estimated similarly at corresponding MRA MIP images (C and D). However, according to
another MRA projection (E, contralateral oblique), which reveals severe stenosis (arrow), ICA should be operated.
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stenosis at intraarterial DSA, and 89.3% and 91.8%, respec-
tively, if corresponding projections of MRA and intraarte-
rial DSA were compared.
Contrast-enhanced MRA has become more frequently
used for imaging of the carotid arteries.23,24 This technique
provides additional morphologic information about the
origin of the carotid arteries and intracranial vessels, and the
effect of flow-related artifacts that occur with the TOF
technique is diminished. The use of intravenous contrast
results in a stronger signal with better background suppres-
sion and less signal saturation. However, suppression of
signal from the jugular vein overlapping the carotid bifur-
cation is one of the drawbacks of this technique. Suppres-
sion can be achieved with scanning the carotid arteries
within 10 seconds after enhancement (before venous re-
turn). Until recently, however, the poor resolution of 3D
methods, even on high-gradient hardware, did not yet
allow accurate measurements of carotid stenosis.25 More
recent studies have used other methods for venous signal
suppression, allowing longer scanning time and, hence,
better spatial resolution, and seem promising.15,24,26,27 To
date, however, only a few studies, with relatively small study
populations, have been published reporting the results of
contrast-enhanced MRA validated against DSA.
A final point of interest is the fact that we have inter-
preted our findings as overestimation on MRA. In reality, it
is possible that DSA underestimates the true degree of
stenosis and that new (3D) techniques can estimate the
degree of stenosis more precisely. However, DSA in the
standard two or three directions remains the standard of
reference for the clinical decision on carotid endarterec-
tomy, with regard to the trials. Furthermore, it is important
to realize that this paper focuses on the effect of overesti-
mation of MRA and the difficulty with interpretation of the
diagnostic performance compared with DSA and the rela-
tion to the results of the NASCET and the European
Carotid Surgery Trial. For considered policy decisions on
replacement of DSA, however, we think that in addition to
the presented data in this paper, the accuracy of MRA in
combination with duplex scan should be calculated and a
cost-effectiveness analysis should be taken into account.
In conclusion, we believe that 3D TOF MRA is a
thoroughly validated technique in selection of patients for
carotid endarterectomy. MRA overestimated carotid steno-
sis when the most severe stenosis at MRA from the 12 MIP
images available was used and compared with the most
severe stenosis at DSA, performed in two or three projec-
tions. However, use of MRA projections that corresponded
with DSA projections did not systematically overestimate
ICA stenosis. When new techniques (eg, gadolinium-en-
hanced 3D MRA) are validated, with conventional DSA as
standard of reference, we recommend the use of identical
projections of the ICA. Otherwise, the greater number of
projections of the ICA on MRA will most certainly cause
overestimation of carotid stenosis. With regard to
NASCET findings, the diagnosis of the most severe stenosis
at the standard three projections remains the essential clin-
ical criterion for the decision on carotid endarterectomy.
We thank A. F. J. Wu¨st and P. C. Buijs, Department of
Radiology, University Medical Center Utrecht, The Neth-
erlands, for the readings of all diagnostic tests.
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